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ABSTRACT Locating fault precisely on power transmission line is highly beneficial to utilities and accurate
fault location can expedite the repair of the faulted components, speed-up restoration, and reduce outage time.
In this paper, a setting-free double ended fault location method for power transmission line is proposed using
both end voltage and current measurements. This algorithm estimates the required setting parameters using
pre-fault data and fault location is calculated using estimated parameters and during fault data. The proposed
method is verified using the EMTDC simulations for lines connected with conventional and inverter-based
renewable resources. The method is not affected by the error in line parameters and renewable integration.
The method is implemented in Intelligent Electronic Device (IED) using 1kHz sampling rate and successfully
installed on a 400 kV, 233.07 km line from Power Grid Corporation of India (POWERGRID), India and on a
220 kV, 265.6 km line from Svenska Kraftnat (SVK), Sweden. This paper presents laboratory test results as
well as field experimental results in which line patrolling crews found the actual location. Pilot installation
results match the performance demonstrated with laboratory experimental results. The method gives average
fault location error of ~ 0.1 %. The method can locate the fault within two-tower span distance (~300m)
which is comparable with traveling wave-based method that requires 1000 times higher sampling rate, high-
cost hardware, more complex commissioning, and settings. These geographically diverse pilot installation
results stand as testimony to the fault location accuracy of the proposed setting-free fault location solution.

INDEX TERMS Impedance-based fault locator, inverter-based renewable resources, line fault, parameter
estimation, renewables, setting free fault location, transmission lines.

I. INTRODUCTION

Power transmission lines are exposed to faults due to bad
weather (hurricanes, lightnings), insulation breakdown, short
circuits by birds, contacting tree branches with a transmission
line and other objects. Temporary faults are cleared by auto-
reclosing. For permanent faults, the power supply is restored
only after the maintenance crew detects and replaces the
failed component. For this purpose, precise fault location
should be known, else, the fault location identification job
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turns out to be tedious and time consuming for long transmis-
sion lines spread across rugged terrains such as hilly areas,
mountains, and deserts etc. [1], [2]. Visual inspection tech-
niques are advanced from road patrols to air patrols and, more
recently, to trials with drones and unmanned aerial vehicles
etc. and these methods may not be cost effective for long
transmission lines.

Identification of fault location with high precision on
power transmission line is of great value to transmission
asset owners and maintenance crew as it helps in expediting
maintenance work and achieving quick restoration of the line
[2]. Quick restoration of service improves the reliability of
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power supply and reduces the financial loss for the utilities
and end users [3].

Traveling wave (TW)-based fault locators are used to
locate the fault within 1-2 towers span distance [4], [5], [6],
[71, [81, [9], [10], [11], [12], [13], [14], [15]. The perfor-
mance of TW based fault location (FL) methods depends
on accurate detection of wavefront arrival times, sampling
rate, and data synchronization [4]. Based on the availabil-
ity of input to fault locator, traveling wave-based methods
can be classified into two types viz. 1) single-ended [5],
[6], [7], [8], and 2) double-ended [4], [9], [10], [11], [12],
[13], [14], [15]. The single-ended TW-based methods use the
incident and reflected wave arrival times to locate the fault.
The single-ended TW-based techniques pose challenges in
identifying the waves reflected from the location of the fault
and the remote substation terminals, as well as the waves
reflected from the buses of adjacent networks connected to
the protected line [5], [8]. Therefore, the practical implemen-
tation of the single-ended TW-methods is challenging and
limited.

Double-ended TW-based methods [9], [10], [11], [12],
[13], [14], [15] are more accurate and these methods are in
practical usage [4], [10], [11], [12]. However, accuracy of
TW-based FL algorithms depends on traveling wave detec-
tion, data synchronization, IED hardware, processing of mul-
tiple reflections, filtering of noise, correction of substation
secondary cable delays [13], and wave speed [14], etc. These
data synchronization and wave speed errors can be corrected
by conducting experiments [15] such as creating a fault at
known distance and calculating the secondary cable delays
and wave speed. This process is difficult, requires more engi-
neering effort and not cost-effective. Besides, they are not
economical solutions for transmission asset owners due to the
high cost involved in dedicated hardware and solution tuning
efforts.

Impedance-based FL methods are most employed by trans-
mission system operators (TSOs) because of ease of use, low
sampling rate data requirement, and low hardware cost [2],
[3]. These methods are classified into two types viz. 1) Single-
ended [16], [17], [18], [19], [26], [27], and 2) Double-ended
[28], [29], [30], [31], [32], [33], [34], [35]. The single-ended
methods are commonly available as an inbuilt function in
the protection IEDs and not required any communication
and GPS [2], [19]. However, the precision of single-ended
FL algorithms [20], [21], [22] is influenced by the type of
fault, arc resistance, impedance angles of line and source,
mutual compensation, uncertainty of the line parameters, and
system non-homogeneity. As a result, the accuracy of the
commercially available single-ended impedance-based fault
locators are in the order of 1.5 to 2.5 percent. For a 300-
kilometer transmission line, a £1.5 percent error still requires
9-kilometer length to be inspected (about 30 towers) which is
not cost-effective.

And also, the main assumption of single-ended fault loca-
tor techniques is that the fault current at the FL is in phase with
fault current at the terminals [16] and in phase with negative
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sequence current at the terminal [20]. These assumptions may
not hold for lines connected with inverter-based renewables
resources as the phase angle is modulated by the inverter con-
trols and grid codes [23], [24], [25]. The single-ended fault
location principles are greatly affected with the integration of
renewables [25]. During fault, the controlled phase angle of
inverter-based resources (IBRs) current introduces the high
non-homogeneity in impedance calculation [25]. This in turn
causes large error in the apparent impedance calculation,
especially for resistive faults. This results in the calculated
fault location to be lesser or more than the actual fault location
value. Therefore, single-ended FL methods will not provide
the desirable FL accuracy for lines connected with renewable
power plants [25].

A single-ended-fault location method for grid-connected
converter system based on control and protection coordina-
tion is presented in [26]. A single-terminal fault location
method for transmission lines integrated by the inverter-type
source is proposed in [27]. These methods use the converter
control information in fault location formulation and solves
the fault location iteratively. These methods may not be easy
to implement in IEDs as they require control information of
the inverters.

Present communication technology allows for use of data
from both ends of the line to calculate the location of the fault
[2]. The accuracy of double-ended methods [30], [31] is not
affected by fault resistance, loading, fault loop information,
and system non-homogeneity. These methods are economical
alternative to traveling wave-based methods that requires
high sampling rates. Rearrangement method of reducing fault
location error in tied uncompleted parallel lines is presented
in [32]. A robust fault location method using sparse set of
digital fault recorders for radial or meshed power networks
is presented in [33]. This method requires network level data
which is not available in IEDs. The negative sequence-based
methods are more advantageous as they are not affected by
load current and zero sequence impedance [34], [35]. How-
ever, these methods may not be suitable for lines connected
with converter interfaced renewable power plants (CIRPPs)
as most of these plants will not supply negative sequence
current [23], [24], [25]. The positive-sequence impedance-
based algorithms are used to locate the faults for lines con-
nected with CIRPPs since positive sequence quantities are
available for lines connected with conventional sources and
CIRPPs. There are several fault location methods for trans-
mission lines reported in literature [1], [28], [29], [30], [31],
[32], [33], [34], [35] for utilizing synchronized measurements
from both ends. The accuracy of the two-ended impedance-
based fault location algorithms depend on the accuracy of line
parameters such as inductance, capacitance, and resistance.
The electrical parameters of a transmission line are not known
with great precision. It is noted in case studies that there
is up to 25-30% of error in actual and the stored values of
the line parameters [36]. Line parameter with little accuracy
is sufficient for protection applications but for accurate FL,
precise line parameters are required. These line parameters
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are not constant and varies with practical conditions such as
weather, age of the conductor etc.

The line parameters estimation may help to improve the
accuracy of the double-ended fault location. Several methods
have been proposed for line parameter estimation for trans-
mission lines [37], [38], [39], [40], [41], [42], [43], [44],
[45]. The online tracking of line parameter using SCADA
data is proposed in [37] and this technique requires multiple
measurement sets. In [38], multiple measurement scans are
used with Lagrangian multipliers for improving the accuracy
of the line parameter estimation. A more accurate calcula-
tion of the transmission line parameters can be performed
by using synchronized current and voltage phasor measure-
ments provided by the PMUs [39], [40] and these meth-
ods require multiple data sets which may not be available
all the time and it is difficult implement in IED platforms.
To mitigate requirement of multiple data set, a method to
estimate the parameters estimation for three-terminal mixed
line using pre and during fault phasors is presented in [41].
This method requires the negative sequence currents, and it
will not work for lines connected with CIRPPs. Impedance
estimation method for transmission line by assuming linearly
changing parameters for short periods is presented in [42].
A technique for estimation of electrical parameter of trans-
mission line using synchronized sampled data proposed in
[43]. This method can obtain the steady state values of voltage
and current of the transmission line as a function of time and
line length. In [44], Kalman filter (KF) and extended Kalman
filter (EKF) have been applied for state and parameter esti-
mation of non-uniform transmission line. A stochastic based
state equations are derived using Telegrapher’s equation for
transmission line. Nonlinearities in line voltage and current
have been taken into account by implementing perturbation
theory. A data driven based method for detection and identifi-
cation of line parameters of a transmission line is presented in
[45] using PMU and unsynchronized SCADA measurements.
Data driven methods may not be suitable for implementation
in IED platforms. From the literature review, there is a scope
for improvement in double-ended fault locator accuracy by
eliminating the dependency on parameters and settings.

In this paper, a setting-free fault location method for trans-
mission lines using double-ended data is proposed. This
algorithm estimates the required setting parameters using
pre-fault data and fault location is calculated using estimated
parameters, and during fault phasors. The proposed algo-
rithm aims to estimate the line parameters using a two-step
approach using one set of pre-fault data. Line parameters are
calculated using lumped line model in step one. In second
step, the parameters obtained from step one is given as ini-
tial guess and the nonlinear equations formulated using dis-
tributed parameter line model are solved. The FL is calculated
using the estimated parameters and during fault phasors.

The proposed method does not require information about
line parameters or settings and saves the engineering cost
of the solution. The main contributions of this work are as
follows:
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FIGURE 1. Two terminal transmission line single line diagram.

(i) parameter estimation using single set of pre-fault
data, (ii) fault location calculation using during fault data,
(iii) implementation in IED platform, (iv) experimental val-
idation using two pilot installations in Indian and Swedish
grid.

The proposed algorithm is verified through the EMTDC
simulations covering various fault scenarios for 220-kV,
240 km line connected with conventional and inverter-based
renewables resources. The method is implemented in IED and
successfully commissioned on a 400-kV 233.07 km line from
Power Grid Corporation of India (POWERGRID), India and
on a 220 kV 256.6 km line from Svenska Kraftnat (SVK),
Sweden. The parameter estimation and fault location algo-
rithm, hardware, software requirements, experimental setup,
and results are provided in this paper. The simulation and
experimental results are consistent, and the proposed algo-
rithm can locate the fault within two-tower span distance
using 1kHz sampling data which is comparable with traveling
wave-based methods that requires thousand times (~1MHz)
higher sampling rates. The proposed method does not require
information about line parameters or settings, saves on engi-
neering cost and does not require any additional hardware
beyond what is required for a modern line differential pro-
tection solution [47], i.e., a 2 Mbps communication link.

Il. PROPOSED METHOD

The paper is organized as follows: (i) parameter estimation,
(ii) fault location formulation, (iii) implementation in IED
platform, (iv) simulation result studies for lines connected
with conventional generation and renewable power plants,
(v) pilot installation in Indian and Swedish grid, and (viii)
conclusions. The details of the modules are provided below.

A. PROPOSED PARAMETER ESTIMATION METHOD

This section describes the details of the line parameter esti-
mation algorithm using a two-step approach. In step one, line
parameters are calculated using a lumped model of the line.
In step two, the line parameters obtained from step one is
given as an initial guess to the least-squares method and the
accurate line parameters are estimated using complete model
(distributed parameter model). The entire approach requires
one set of measurement data (pre-fault) only. The details are
provided as below.

1) INITIAL GUESS CALCULATION USING LUMPED MODEL OF
THE LINE

Consider a transmission line connected between buses M and
N as shown in Fig.1 and two-port lumped 7 model as shown
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FIGURE 2. Two terminal transmission line lumped model.

Fig.2. From Fig.2, the fault current flowing in the series
impedance (/ Al,;ze) is calculated from bus M and N as in (1)

and (2) respectively.

)
it =1 - 2¢ (Yg) (VA‘;’”) (1)
I
i = —ny+ 2t (v2) (i) 2)
where,
VAI,{’ " and V]%,p " are pre-fault positive sequence voltage

measured at bus M and N respectively; 1 1:,1’7 " and Ill,p " are
pre-fault positive sequence current measured at bus M and
N respectively; I]:fLre is pre-fault ccurrent flowing through
series impedance; ZL1 and Y Ll are positive sequence series
impedance and shunt admittance per meter of the line respec-
tively and Iy is the length of the line in meters.

Line admittance is obtained as in (3) using (1) and (2),

1pre 1pre
Yl — 2 IM +IN 3)
L ) 1pre 1pre

N \V, /" + vy

From Fig.2, we have,
VP vl = [y 7] 4)
Substitute / ;}Ze and YL1 in (4), we get (5)

1pre 1pre
lere i lere_ Ilpre _ IM +IN lere / Z]
M N T\'M 1pre 1pre M MN 4L,
Vil + Vy

&)
Series impedance can be obtained as in (6) after simplifica-
tion of (5)
2 2
B A U T
L= 7 | e, Tpre 1
lMN VNpre I Mpre _ VMpre INpre

Line parameters are obtained using the following relations:
_ imag(ZLl)_ cl imag(YLl)

R'=real(Z}); L'
real(Z) 2nf 2f

where,

R, L', C! are positive sequence resistance, inductance,
and capacitance per meter of the transmission line respec-
tively; f is system frequency in Hz. These parameters
obtained using the simplified lumped model of the line are
used as initial guess in the next step.
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FIGURE 3. Two terminal transmission line distributed model.

2) LINE PARAMETER ESTIMATION USING DISTRIBUTED
MODEL OF THE LINE
In this section, the line parameters are estimated using the
distributed model of the line as shown in Fig.3. The objective
functions are formulated using the basic two-port network
relationships.

From the two-port network shown in Fig.3, we have,

V" = V" cosh(yluy) — Iy 2} sinh(ylun) - (7)

1pre
1 1 !
L = gl sinh(y ) — Iy cosh(y lw) ®
ch

where,

1 le /71 1
Zy = F Y =\Z; xY;
L

7}, = Characteristic impedance of the line

y = propagation constant of the line

The non-linear equations (7) and (8) are solved by using
least square estimation technique to obtain the actual line
parameters of the line. The initial guess required for this
solution is obtained from the previous step. The detailed steps
for solving these equations are mentioned in the previously
published paper [46]. The line parameters are obtained by
solving the objective functions (7) and (8). This is under-
determined problem with set of two equations to solve for
four unknowns and that cannot be solved directly. Now let us
separate objective function in to real and imaginary parts as
in (9) and (10),

VA IVl = (VAP + VAT cosh (a + jb)
— (¢ +jd) x sinh (a + jb)
X Uy + i) ©)
sinh (a + jb)
(c+jd)
— (17 + 1) cosh (a + jb) (10)

1 .y 1pre 1 1
I/V;j.re +]I}V;;n — (VNp;re +JVN€re)

where,
chh = c+jd; vy = a+ jb; Vﬂl,lpm = Vﬂfﬁm +

ws1pre, ylpre _ ylpre | . lpre y,lpre _ lpre | .. lpre ,lpre
Wi sy =1y, iy 3 Vy =V +iVy Iy =

1pre .y lpre pre __ pre . 1pre ylpre _ ;lpre . 1pre
Iy Hilyi 3 Ve = Viter Y3Viei 3 e = Ier + e
and suffix “r” and represents the real and imaginary

quantities.
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Elaborating the hyperbolic functions, we get (11) and (12)

cosh (a + jb) = cosh (a) x cos (b) + jsinh (a) x sin (b)

= +jq (11)
sinh (a + jb) = sinh (a) x cos (b) + jcosh (a) x sin (b)
=r+4js (12)

Substituting (11) and (12) in (9) and (10), we get
Vﬂljim +jVA14[;re _ (V]\l][rﬁe +jvli;;7re) @ +jq)

— (c+jd) (r +js) x (I + 1P

(13)
Ipre | ., lpre lpre | .., 1pre (r +Js)
L, +jl,,, =Vy +jVy )——
Mr Hpgi ( Nr JVNi )(C+]d)
1 1 .
— U +ily; ) @+ ja) (14)
Separating real and imaginary parts, we get
Vﬂl/]];re _ pvl\llgrare . qV/\]/fre (Cllllfre _ dl,l,?re) ,
+ (e +aly") s (15)
Vﬂl/[];re _ pvll\gre . qvllvprre (c[;]];re . dljbi‘)re) s
— (eI + dL)r (16)
1 cr+ds_ 1
Ly = o VP ((es — dr)/(c* + dP) V™
— Pl + gl (17)
Ilpre _ cr +ds 1pre cs —dr lere
Mi ™ 24 q2 N 2+d2) N
s

Four non-linear equations (15)-(18) of the from F(X) =
0, where F = (f1,f2,f3,.f4T and X = (a, b, ¢, d)T, are
solved for the four unknowns using the least square estima-
tion (LSE) method.

For the non-linear set of equations F (X) = 0,

s=— (HTH)_I HTF (19)

where, H is the Jacobian matrix.
Therefore equation (19) can be written as-

T _1
Aa Hyp -+ Hy Hyp -~ Hig
Ab | ) ) )
AC - . . . . . .
Ad Hap -+ Hypg Hyy --- Haq
T
Hyp --- Hug g
x| oro 3 (20)
Hyp -+ Hayg f4
where,

_ yy1lprey,lpre, _ yslprey,lpre,
f] - VMr VMcr’ f2 - VMi VMci ’
__ glpre lpre, __ ylpre;lpre
f3 - IMr IMcr ; fa= IMi IMci
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The updated value of variable matrix, X in next iteration is-

X=X=0)+s 21)
Initial guess X = (0) is obtained from step one.
a ap Aa
b bo Ab
c | | co + Ac (22)
d do Ad

The final parameters are determined using the following rela-
tionships.

Zh =c+jd; y =(a+jb)/luy:

w = 2xf; Zlf =chh xy =R+ jx!;
v!' =y/zl, =G +jB'; R'=Rez})
L' = Im(Z})jw; C'=Im(Y})/w.

These estimated parameters are used as an input for fault
locator method which is described in the next section.

B. DOUBLE ENDED FAULT LOCATION METHOD
This section presents a fault location method for two-terminal
lines using both end measurements. The idea is derived from
[46] and is developed into a setting free fault location formu-
lation. The main idea is that the fault location formulation is
derived by equating the fault point voltage calculated from
both ends of the line. Consider a two-terminal transmission
line with two IEDs, and each one installed at the terminals
of the transmission line. Let us consider a-g fault on the
transmission line at a distance ‘d’ from the terminal M.
Calculate the fault point voltage and current using ABCD
parameters from terminal M

vl D! _B! If
K AR @)
FM —Lu d M
From (23), calculate the fault point voltage from terminal M
as in (24)
Vi = Dyvii — BiLY (24)
where, positive sequence AL B}l, C (}, and D}l parameters are

defined up to fault point ‘d’ and ABCD parameters are cal-
culated as in (25).

Atli = Dcli =cosh (ydlyn) ; B}i :ZCIhsinh (ydlyn);

1
C; = —7 sinh (ydlyy) (25)
Zch

Similarly, calculate the fault point voltage and current from
terminal N as in (26)

1f 1 1f 1 qif
Ven =Dj_¢VN — Bi_dly (26)
where ABCD parameters are defined as in (27)
Al_, =D}_, =cosh(ylun(1 —d));
B|_, = Z}sinh (ylyn(1 — d));

|
C; = 7T sinh (ylyn(1 — d)) (27)
ch
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vy
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FIGURE 4. Positive sequence network during fault.

Substitute (25) in (24) and (27) in (26), we get (28)
Vit =vifcosh (ydiyn) — IZY sinh (ydlyy) ;
Vi = Vit cosh (ylyn (1 — d)) =1z} sinh (y Iy (1 = d))
(28)

Expand the cosh and sinh terms and equate the fault point
voltages calculated from both terminals as in (29)

Vifcosh (ydlyn) — 152}, sinh(y diyy)
= Vy'(cosh (¥ lun) cosh (y Ly d)
— sinh (y1) sinh (ylyyd)) — (IS Z) )(sinh (v Iyy)
x cosh (ylynd) — cosh (ylyn) sinh (ylynd)) (29)

Fault location is obtained as in (30) from (29)

1 1 (K
tanh — (30
viun K>

where, K| = V]\l,f cosh (yIyn) + (I,l\,fZClh)(sinh (ylun) — Vﬂl,lf;

d =

. If

Ky = Vifsinh(ylun) — INZ})(cosh (ylun) — Z) 1,5
1 : 1

zl = \/(R +joL )/(ja)Cl);

y = \/(Rl +joL') (joC")R', L' and C' are resistance,
inductance and capacitance per unit length of the line which
are estimated using the pre-fault voltage and current mea-
sured at both ends of the line. The proposed method does not
require any settings to locate the fault. The complete algo-
rithm steps are depicted in the flow diagram shown in Fig.5.
The proposed method is implemented in IED [47] platform
using 1kHz sampling rate. The practical implementation,
communication network and data synchronization details are
provided below.

Ill. SIMULATION RESULTS AND ANALYSIS

This section provides the illustrative examples, detailed study
on effect of variation in power system parameters on FL
accuracy, comparative assessment with existing practically
available methods, and results for lines connected with
inverter-based renewables resources.

A. SIMULATION STUDY FOR LINES CONNECTED WITH
CONVENTIONAL SOURCES

To test and illustrate the validation of the method in the previ-
ous section, EMTDC/PSCAD has been used to simulate the
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Input: Obtain pre and during fault voltage and current
measurements from both ends of the line

v

Calculate the line parameters (initial guess) by
considering lumped model of the line

v

Estimate the accurate line parameters by considering
the distributed model of the line using LSE

v

Compute the fault location using estimated line
parameters in previous step and during fault voltage
and current measurements

v

Output: Fault location and line parameters

FIGURE 5. Flow chart of the proposed setting-free fault location.

200 200
~ 100 2 100
z % 100
e @ $ 0
100 S 100
c >
> _ 3 x g

20006 198 2 202204206 %osios 2 202204206

Time (s) Time (s)
g 0 E
g2 £
E 2 =
3 o)
S TR
1.96 1.98 2 2.02 2.04 2.06 7?.95 198 2 2.022.04 206
Time (s) Time (s)
(a) (b)

FIGURE 6. Pre and during fault voltage and current signals measured at
(a) Bus M and (b) Bus N for a-g fault at 60km from M.

faults on a 220-kV, 50Hz, 240km two-terminal transmission
line. The simulations are done in the EMTDC software with
frequency dependent transmission line models. The fault data
is recorded as COMTRADE99 format and Discrete Fourier
Transform (DFT) is applied to obtain the current and voltage
phasors. The main inputs to the algorithm are synchronized
pre and during fault voltage and current phasors and line
length.

1) ILLUSTRATIVE CASE

A-g fault case: Consider a-g fault at 60km from bus M on the

transmission line with fault resistance of 252, fault inception

angle is 0 degree and source to line impedance ratio (SIR) is

1.0. The voltage and current signals are as shown in the Fig.6.
The calculated (lumped model) and estimated (dis-

tributed line model) line parameters and corresponding errors
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—e— a-g fault
g 08 —&— bc-g fault
2
= 06f
=
0.4r 1
0.2F E 1
0 50 100 150 200 250

Fault location (km)

FIGURE 7. Fault location errors for different fault locations for a-g and
bc-g faults.

TABLE 1. Calculated line parameters using lumped model.

Method R (Q/KM) L'(mH/KM) C! (NF/KM)
Actual 0.1879 1.03870 16.18147
Proposed 0.1838 1.02739 16.27543
Error (%) 2.18 1.10 0.58

TABLE 2. Estimated line parameters using distributed line model.

Method R (Q/KM) L (mH/KM) C* (NF/KM)
Actual 0.1879 1.03870 16.18147
Proposed 0.1880 1.03878 16.18532
Error (%) 0.02 0.01 0.02

compared to actual line parameters for this case are provided
in the Table 1 and 2 respectively. From Table 1 and 2,
the calculated and estimated parameters are close to actual
parameters. The estimated parameters are more accurate than
calculated and these parameters are used for fault location
calculation. The calculated fault location using the estimated
line parameters and post fault phasors is 59.85 km. The abso-
lute percentage of fault location error calculated using (31) is
0.06% for the 240 km transmission line for this case.

Y% Error
_ Actual Fault Location — Calculated Fault Location
- The total length of the line
x 100 (3D

B. STUDY ON EFFECTIVENESS OF THE PROPOSED
METHOD FOR VARIOUS FAULT CONDITIONS

This section presents the effectiveness of the proposed
method on variation of different fault conditions (i) influence
caused by fault location, (ii) effect of fault resistance, and (iii)
effect of source to line impedance ratios (SIRs). The results
are provided below.

1) STUDY OF THE INFLUENCE CAUSED BY FAULT LOCATION
This section provides the results for effect of variation fault
location on the proposed method. Location of the fault is
one of the negative effects on impedance-based fault location
methods [21]. In this section, various fault locations (5, 20,
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TABLE 3. Study of effect of fault resistance variation on proposed
method.

Fault Rr Max.FL Avg.FL
Type Q) Error (%) Error (%)
0.01 0.19 0.09
5 0.18 0.10
a-g 10 0.23 0.10
50 0.31 0.11
100 0.37 0.12
0.01 0.14 0.07
5 0.13 0.09
be-g 10 0.17 0.10
50 0.27 0.10
100 0.31 0.11

50, 100, 150, 200 and 215 km) are considered to test the
effect of fault distances on the proposed solution. Phase a-
to-ground (a-g) and double phase to ground (bc-g) faults are
considered. In the simulation, the values of the fault inception
and fault resistance are set to 60° and 10 € respectively. The
same simulation system described in the Section A is used
for simulations. Fig.7 shows the performance of the proposed
solution with different fault distances for two types of the
faults. The FL errors are less than 0.3% and observed slightly
high fault location error for faults closer to fault locator due to
high DC component in the voltage and current signals. High
DC components in the fault signals affects the estimation of
the voltage and current phasors.

2) STUDY OF THE EFFECT OF FAULT RESISTANCE ON THE
PROPOSED METHOD

Fault resistance (Rr) is one of the most negative influences on
the impedance-based fault location methods [21]. To evaluate
the performance of the proposed method with various fault
resistances, various values of fault resistances 0.1 2, 5 €,
10 2, 50 €2, and 100 2, have been considered. The source
impedance parameters are kept constant, and the fault loca-
tions are varied from 10-240 km with an interval of 10km
for a-g and bc-g faults. A total of 240 cases are simulated.
Table 3 shows the maximum and average fault location errors
for various fault resistances. The maximum FL error is 0.37%
when fault resistance is 100 2 for a-g fault. The average
error is 0.1% which is acceptable. The results show that the
accuracy of the proposed method does not change notably
with change in fault resistance.

3) STUDY OF THE EFFECT OF SOURCE TO LINE IMPEDANCE
RATIO ON THE PROPOSED METHOD

The source strength is adversely impacting the impedance-
based FL methods [21]. In this section, two source to line
impedance ratios (SIRs) are considered to verify the perfor-
mance of the proposed method. Various FLs (5, 20, 50, 100,
150, 200 and 235 km) and two fault types (a-g and bc) are
considered for EMTDC simulations. In the simulation, the
values of the fault inception and fault resistance are set to
60° and 20 Q respectively. Fig.8 shows the performance of
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FIGURE 8. Fault location errors for different source to line impedance
ratio for a a-g fault.
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FIGURE 9. Performance of the proposed fault location method for various
fault situations.

TABLE 4. Fault situations considered for simulation study.

Test Cases Test conditions

Fault Location (km) 1, 60, 120, 100 180 and 235
Fault Type a-g, ab, bc-g and abe-g
Fault Inception Angle 0° and 90°

Fault resistance () 0.01, 10,20 and 50
SIR (M:N) 0.1:1,1:2,2:3 and 5:2
Load No load (0%), 100 % and 125%

the proposed solution with different source to line impedance
ratios (1 and 3) for phase a to ground faults. The FL error
notably increases with increase in SIR for faults closer to
terminals of the line due to high transients in fault signals.
High transients will affect the phasor estimation for faults
closer to line terminals with high source to line impedance
ratios. The maximum FL error observed is 0.37% for high
SIR case which is acceptable accuracy

C. DETAILED STUDY USING VARIOUS TEST CONDITIONS
The proposed method is tested with different power system
fault situations. The fault situations are tabulated in Table 4.
Total 2304 fault cases are tested, and fault location error is
presented in Fig.9.

From figure 9, the average and maximum fault location
errors are 0.1% and 0.6% respectively. The fault location
error is 0.1% (~240m) for 1756 (76.21%) cases which is less
than one tower span (300m) distance for a 240km line. The
accuracy is comparable to traveling wave-based fault locators
[9], [10], [11], [12], [13], [14] which require ~1000 times
higher sampling rates and high communication bandwidth.
The fault location accuracy is not influenced by the fault
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FIGURE 10. Comparative assessment of the proposed method vs practical
methods for variation in the line parameters (a) a-g fault at 60km and
(b) bc-g fault at 180km from Bus M.

resistance, fault type, line to source impedance ratio (SIRs),
and loading of the line.

D. COMPARATIVE ASSESSMENT WITH PRACTICAL
METHODS FOR VARIATION IN LINE PARAMETERS

The practically available single-ended [19] and double-ended
[30], [31] methods need line parameters as an input. Any
error in these parameters will affect the accuracy of the FL
methods. Such inaccuracies may occur due to aging, tem-
perature, sag of the conductor, etc., of the line. This section
compares the proposed method with commercially estab-
lished single-ended (SEFL) [19] and double-ended positive
sequence (DEFL) [30] and double-ended negative sequence
(NSFL) [31] methods. For this purpose, we have consid-
ered phase-to-ground (a-g) and phase-to-phase-ground (bc-g)
faults at 60 and 180km from bus M respectively. The fault
resistances considered for a-g and bc-g fault are 20 and 102
respectively.

Accuracy of the proposed method (PM) is assessed for
different errors in the line parameters (resistance, inductance,
capacitance) ranging from 0% to 50%. The evaluation results
for a-g and bc-g fault cases are shown in Fig.10 (a) and (b)
respectively.

From the figure, the fault location errors of both single-
ended [19] and double- ended [30], [31] increases with
increase in the error in line parameters whereas proposed
method accuracy is independent on the parameter variation
for both cases. For existing methods, the FL error is greater
than 2% for variation of 10% in line parameters. This requires
inspection of more towers and is time consuming for the exist-
ing methods. The FL accuracy claimed in existing methods is
highly dependent on the accuracy of the line parameters.

E. COMPARATIVE ASSESSMENT WITH PRACTICAL
METHODS FOR VARIATION IN SOURCE IMPEDANCES
Practically available single-ended [19] and double ended
negative sequence-based methods [31] requires the two-port
equivalent (source) impedance as a setting. These source
impedances vary with structural and operational changes in
power system. This section provides the performance of the
available and proposed fault location methods for variation
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FIGURE 11. Comparative assessment of the proposed method vs practical
methods for variation in the source impedance for (a) a-g fault at 50km
and (b) bc-g fault at 150km from bus M.
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FIGURE 12. Two terminal line connected with CIRPP at bus M.

in source impedances. For this purpose, we have consid-
ered phase-to-ground (a-g) and phase-to-phase-ground (bc-g)
faults at 50 and 150km from bus M respectively. The fault
resistance for a-g and be-g faults are 10 and 52 respectively.

Accuracy of the proposed method is verified for different
errors in source impedances, ranging from 0% to 50%. The
evaluation results for a-g and bc-g fault cases are shown in
Fig.11 (a) and (b) respectively. From the figure, the fault loca-
tion accuracies of both single-ended [19] and double ended
negative sequence [31] are increasing with increasing error in
source impedance parameters whereas double-ended [30] and
proposed method accuracies are independent of the source
parameter variation for both cases. The single-ended method
[19] is more sensitive with the source impedance angle varia-
tion and double-ended negative sequence-based method [31]
sensitive with source impedance magnitude variation. The
source strength is significantly varied with integration of the
renewables into grid and the accuracy of these methods will
further worsen for future power grids.

F. STUDY OF THE PROPOSED METHOD FOR LINES
CONNECTED WITH RENEWABLE POWER PLANTS

This section provides the analysis of proposed and existing
methods for lines connected with converter interfaced renew-
able power plants (CIRPPs). Two cases are considered such
as renewable power plant at one side and both sides of the
line.

1) CASE 1: TRANSMISSION LINE CONNECTED WITH
RENEWABLE POWER PLANT AT ONE END OF THE LINE
Consider a two-terminal line with wind type IV renewable
power plant connected at Bus M and N connected to power
grid as shown in Fig.12. This configuration is very common
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FIGURE 13. Pre and during fault voltage and current signals measured at
(a) Bus M and (b) Bus N for a-g fault at 48km from M.

TABLE 5. Calculated line parameters using I1 model.

Method R (Q/KM) L' (mH/KM) C! (NF/KM)
Actual 0.1879 1.03870 16.18147
Proposed 0.1812 1.02750 16.26191
Error (%) 3.59 1.08 0.49

TABLE 6. Estimated line parameters using distributed line model.

Method R (Q/KM) L (mH/KM) C* (NF/KM)
Actual 0.1879 1.03870 16.18147
Proposed 0.1852 1.03891 16.17192
Error (%) 1.43 0.02 0.06

at the today’s situation of renewable power plant integration.
Let us investigate the performance of proposed and existing
methods for this configuration. Type IV wind turbine gener-
ator, which is a full converter model, with 200 units of 2MW
each in compliance with various grid codes [23], [24] and the
FRT characteristics are modeled for the study.

a: PROPOSED METHOD

Consider a-g fault at 48km from bus M on the transmission
line with fault resistance of 50€2, fault inception angle is 0°.
The voltage and current wave forms are shown in Fig.13.
From the figure, the current wave form is modulated, and
voltage wave has more transients at wind farm side. The
calculated (lumped model) and estimated (distributed line
model) line parameters and corresponding errors compared to
actual line parameters for this case are provided in the Table 5
and 6 respectively. From Table 5 and 6, the calculated and
estimated parameters are close to actual parameters as for
a line connected with a renewable resource. The calculated
fault location using the estimated line parameters and post
fault phasors is 48.24 km. The absolute percentage of fault
location error is calculated using (31) is 0.1% for a 240 km
transmission line for this case. The method is not affected by
renewable integration.
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FIGURE 14. Shows (a) angle difference between fault current and IED
measured current at bus M and (b) negative sequence current measured
at Bus M for a-g fault at 48km from M.

b: SINGLE ENDED METHOD [19]

The calculated fault distance using single ended FL. method
[19] is 40.25 km. The absolute percentage of fault location
error is calculated using (31) is 3.23% for a 240 km transmis-
sion line. The basic principle of single ended fault location
depends on the accuracy of apparent impedance calculation.
The apparent impedance for a a-g fault is obtained as in (32)

Vam

Ip
Ly = ————=12 R _ 32
PP Iam + Kolo F R <1AM + K010> (52)

where Vayr, Iay is phase A voltage and current phasors at M,
Iy is zero sequence current at M, Zr is the line impedance
till fault point, Rr is the fault resistance. Fig. 14(a) shows the
angle difference (o) between fault current, /r and IED mea-
sured current, (I4)s + Kolp). For comparison purposes, the
figures include the respective plots when the CIRPPs at bus
M is replaced by a conventional generation of same capacity.
As seen from Fig.13(a) the value of « is higher (—56Y) for
the CIRPPs-connected system when compared to the con-
ventional generation-connected system (—9°). To analyses
the observations made, let us denote the term (m)
in (32) as D. When « is very small, as in case of conven-
tional generation-connected lines, D is mostly real. However,
in CIRPPs-connected lines, since the current is controlled by
the inverter control strategies, grid codes and FRT character-
istics, « is high and consequently D is not real. This causes
a significant negative reactance shift in apparent impedance
estimated, which can potentially cause the IED at bus M
calculates less impedance than actual value. Therefore, the
single-ended fault location method [19] is calculates the fault
location (40.25km) less than the actual value (48km) for this
case.

¢: DOUBLE ENDED METHOD [30]

The calculated fault location using double ended method [30]
is 48.69 km. The absolute percentage of fault location error is
calculated using (31) and it is 0.3% for this case. The double
ended method is not impacted by the renewable integration;
however, the accuracy of the method depends on the line
parameter accuracy.

d: DOUBLE ENDED NEGATIVE SEQUENCE CURRENT BASED

METHOD [31]

The negative sequence current measured at bus M for lines
connected with renewable power plants and conventional
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FIGURE 16. Pre and during fault voltage and current signals measured at
(a) Bus M and (b) Bus N for a-g fault at 180km from M.

systems are shown in Fig 14. (b). From the figure, the negative
sequence current measured for lines connected with renew-
able resources is almost zero and the method proposed in [31]
will not work for this case. The most of the renewable power
plants (wind type IV and Solar PV) will not produce negative
sequence currents [23], [24]. Therefore, the method described
in [31] may not work for full converter based [23], [24] (wind
type IV and Solar PV) renewable resources.

2) CASE 2: TRANSMISSION LINE CONNECTED WITH
RENEWABLE POWER PLANT AT BOTH ENDS OF THE LINE
Consider a transmission line with wind type IV renewable
power plant connected at the Bus M and solar PV power plant
connected at Bus N as shown in Fig.15. This configuration
may be not practical today, however, this would be a possible
situation in future. Let us investigate the performance of
proposed and available FL. methods for this configuration.

a: PROPOSED METHOD

Consider ab fault at 180km from bus M on the transmission
line with fault resistance of 10€2, fault inception angle is 60°.
The voltage and current signals as shown in the Fig.16 for this
case. The calculated and estimated parameters are tabulated
in Table 7 and 8 respectively. From the Tables, the calculated
and estimated parameters are close to actual parameters as in
the case of line connected with a conventional resource. The
calculated fault location using the estimated line parameters
and post fault phasors is 179.48 km. The absolute percentage
of fault location error is 0.2% for this case. The method
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TABLE 7. Calculated line parameters using I1 model.

Method R (Q/KM) LY (mH/KM) C! (NF/KM)
Actual 0.1879 1.03870 16.18147
Proposed 0.1834 1.02722 16.25737
Error (%) 241 1.10 0.47

TABLE 8. Estimated line parameters using distributed line model.

Method R (Q/KxM) LY(mH/KM) C! (NF/KM)
Actual 0.1879 1.03870 16.18147
Proposed 0.1875 1.03862 16.16746
Error (%) 0.21 0.01 0.08

provides the desired result. Therefore, the proposed method
is suitable for future renewable energy configurations.

b: SINGLE ENDED METHOD [19]

The calculated fault distance using single ended method [19]
is 169.36 km. The absolute percentage of FL error for the case
is 4.43%. The single ended fault location is not dependable
for lines with CIRPPs connected at both ends.

c: DOUBLE ENDED METHOD [30]

Double ended method proposed in [30] is calculated the fault
location is 179.32 km and absolute for this case is 0.2%. The
method is not affected by the renewable integration at both
sides of the line.

d: DOUBLE ENDED NEGATIVE SEQUENCE CURRENT BASED
METHOD [31]

The negative sequence measurement-based method will not
work for this situation as there is no significant negative
sequence current available like previous case. And also, the
method [31], requires the source impedance as an input. The
source impedance for lines connected with renewable power
plants varies continuously during the fault. The variation
depends on the grid codes and inverter control systems [23],
[24]. Therefore, this method may not give the accurate result
when the lines are connected with CIRPPs.

G. SUMMARY OF COMPARATIVE ASSESSMENT
Identifying the best method for fault location also depends
on the application scenario. For example, location estimates
from two-ended algorithms are not always accurate as FL
accuracy of these methods depends on the line parameters
and data synchronization. Therefore, when implementing
fault location methods, end users should be aware of the
application scenario, identify possible error sources, and then
choose the method that is robust to those error sources. The
proposed method is not influenced by the most source of
errors including lines connected with renewables whereas
existing practically available methods influenced by many
factors.

H. IMPLEMENTATION IN IED PLATFORM
The line differential protection is based on Kirchoff’s law.
A protection IED provides a phase segregated differential
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protection by comparing the currents entering and leaving the
protected line [47]. Current from local end are connected to
the analog input module or a transformer module of an IED.
These are then digitized and forwarded as local end current
to a differential protection function and to the remote end
IED via Line Differential Communication Module (LDCM).
Over the same LDCM, digitized current from remote end is
received and forwarded to the differential.

In 64 kb mode, the format for communication is
C37.94 and the data are exchanged every 5 ms. The transmit-
ted data contains three currents and voltages, sent as sampled
values, clock information, trip, block, and alarm signals. The
data message as shown below.

In 2 Mb mode, the format for communication is still
C37.94 and data sent every 1 ms i.e. telegrams are sent
as soon as data is available. The data consists of nine
analog sampled values and binary signals. The commu-
nication between the IED, can either be direct of via a
multiplexer-telecommunication network interface. In either
case, sampling of the analog values shall be synchronized in
all IED to ensure proper functioning of the fault locator.

With networks using symmetric or fixed routes, echo-
based synchronizing allows the internal clock in each local
IED to act as a master and the internal clock in each remote
IED operates as a slave. Time deviations between the internal
clocks are monitored continuously and compensated for with
echo messages between all ends at 40 ms intervals over the
telecommunication network. With networks using unspeci-
fied route switching, reference for the internal clock comes
from global time provided by, for example, a built-in GPS
receiver. The internal clock in each IED [47] is thus set
according to the GPS systems’ global time. The maximum
time deviation between internal clocks is set using a param-
eter MaxtDiffLevel in IED. If the actual time deviation is
more than this parameter, the IED will not provide the fault
location. There are two main types of telecommunication
networks used by electric power utilities: Plesiochronous
Digital Hierarchy (PDH) networks and Synchronous Digital
Hierarchy (SDH). PDH networks are used with 64 kbps com-
munication. Proper synchronization of PDH networks must
be available so that they can be used with protection and fault
location applications. SDH networks are used with 2 Mbps
communication. The communication structure between the
fault locators (IEDs) as shown in Fig.18.

IV. FIELD INSTALLATIONS AND EXPERIENCES
The proposed double ended fault location solution is imple-
mented in IED and tested in laboratory. After success in
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TABLE 9. Summary of factors effecting the fault location accuarcy.

Factors affecting fault location accuracy for existing and proposed method
Method Fault Source Line Data Mutual Renewable
Fault type ) e « 5
Resistance |Impedance |Parameters |Synchronmization (Compensation |Integration
SEFL[19] |Yes Yes Yes Yes No Yes Yes
DEFL[30] |No No No Yes Yes No No
NSFL[31] |Yes No Yes Yes No No Yes
PM No No No No Yes No No
LOCAL <10m <10m REMOTE 400 kv 400 kV
- Station A Station B
I ) fan I
H h e 'H
CB CT  «Line Length=233.1km—» CT ~ CB
ay ¢ )
———————————— / K\
IED Transceiver| SDH SDH | Transceiver| IED B CVT CVT b
21219 | MUX MUX | 21-219
Multi-mode Multi-mode . N . ——
fibre-optic fibre-optic L | Line Differential IED |
<3.5km Galvanic Galvanic <3.5km
connection connection | Fiber-optic connection |
interface interface b b
G703 B G703 E1 C37.94 to G703.E1
(2Mbtt) (2Mbit) Converter
Slaves SDH G.704 (framed efc.) _ Slaves (external clock) L L

master

FIGURE 18. Communication structure between fault locator over SDH.

§

o Station A

FIGURE 19. Pilot installation between station A and station B at power
grid corporation of india limited (POWERGRID).

laboratory evaluation, the solution is installed on a 400-kV,
233.07 km line in Indian POWERGRID and on a 220-kV,
265.6 km line in Swedish Utility. Recently, two fault events
were recorded in September 2021 on the transmission line
where the solution is installed in the Indian system and one
fault event on the line of Swedish installation in July 2021.
The detail of the pilot experiences is described in following
section.

A. PILOT 1: INDIAN PILOT INSTALLATION EXPERIENCE

A 400-kV, 233.07 km transmission line from Power Grid
Corporation of India (POWERGRID) is chosen. The trans-
mission line is in central part of India, and it connects between
station A and B. The pilot installation setup is marked on
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FIGURE 21. Pre and during fault voltage and current signals measured at
(a) Station A and (b) Station B for c-g fault at 33km from station B for
event 1.

the map and power network as shown Fig.19. The pilot setup
including communication, configuration details are shown in
Fig.20. Two fault events are recorded, and the details are
provided below.

Fault event 1- Phase-c to-ground fault (c-g): The first fault
occurred on 21st September 2021 and Fig.21 shows voltage
and current signals recorded at station A and B terminals for
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TABLE 10. Estimated line parameters using proposed method.

TABLE 12. Estimated line parameters using proposed method.

IED Location R(Q) X(Q) B (MS) IED Location R(Q) X(Q) B (MS)
STATION A 5.269 68.830 901.105 STATION A 5.026 68.721 901.658
STATION B 5.288 68.795 900.621 STATION B 5.025 68.721 901.662

TABLE 11. Calculated fault location using proposed method.

TABLE 13. Calculated fault location using proposed method.

IED Location Calculated Fault Actual Fault Error IED Location Calculated Fault Actual Fault Error
Location (Km)  Location (Km) (%) Location (Km)  Location (Km) (%)
STATION A 32.87 33.00 0.05 STATION A 33.23 33.00 0.09
STATION B 198.20 200.00 0.77 STATION B 200.80 200.00 0.34
4007 b 226.6km — S.  30km —
< 200 S P az, i a-mz Zon
=2 & .
Q Q
@ 0 % : Fault )
_g 568 :o Substation A Substation B
> > L[;CM- LDCM ._'
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o8 o8 02 02 MW oes 1 a0z 2y romopscon | 2
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10 4 FIGURE 23. Pilot installation line of length 265.6km connected between
—_ —~ station A and B at SVK, Sweden.
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210 8 = TABLE 14. Estimated line parameters using proposed method.
S S
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20596 018 02 022 o.96 °-98T_ 1 1.0z 1.04 1ED Location R(Q) X(Q) B (MS))
T“E‘f; ) “(T; © STATION A 14.166 84.85 1000.548
a
STATION B 14.482 84.85 1000.865

FIGURE 22. Pre and during fault voltage and current signals measured at
(a) Station A and (b) Station B for c-g fault at 33km from station A
Substation for event 2.

c-phase to ground fault. The line positive sequence parame-
ters (resistance (R), reactance (X), and susceptance(B)) and
fault location calculated by the IED at station A and station B
are provided in Table 10 and 11 respectively. The estimated
fault distance using the proposed method is 32.87km and
198.20km from station A and station B terminals respectively.
When the line crew patrolled the line, they found a fault at
33km from station A. The difference of actual to estimated
fault location is 130 meters or £ 1 tower span from the
claimed value for this case. The line search required based
on proposed method is two tower span distance for this case.
The calculated line parameters can be used to update the
protection settings.

Fault event 2- Phase-c to-ground fault: The second fault
also occurred at same location as previous event and Fig.22
shows voltage and current signals recorded at station A and B
terminals for this event. The line parameters and fault location
calculated by the proposed method at station A and station B
are provided in Table 12 and 13 respectively. The estimated
fault distance using the proposed method is 33.23km and
200.80km from station A and B terminals respectively. The
difference of actual to estimated fault location is 230 meters
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or 1 tower span from the substation staff claimed value for
this case.

Developed fault locator calculated and indicated the fault
location as 32.87 km and 33.23, difference of only 130 and
230-meters differences respectively or £ 1 tower span from
the claimed value in both cases. The line search required to
locate the fault is only one tower span distance that signif-
icantly saves the line patrolling time and cost. The calcu-
lated line parameters are consistent for both cases and these
parameters can be used to update the protection settings The
end customer (user) acknowledged that printed parameters
are very valuable for relay settings and other power system
monitoring applications.

B. PILOT 2: SWEDISH PILOT INSTATION EXPERIENCE

A 220-kV, 265.6 km transmission line chosen to install pilot
at Swedish network. The line connects between Substation A
and B as shown in Fig.23. In this pilot installation, the IED is
configured with proposed double-ended solution and single-
ended solution [19].

Fault event 1- Phase-a to-phase-b fault (ab): Double phase
fault occurred on 14th July 2021 and Fig.24 shows the voltage
and current recorded at station A and B for this event. The line
parameters and fault location calculated by the IED (proposed
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FIGURE 24. Pre and during fault voltage and current signals measured at
(a) station A and (b) station B for ab fault at 226.6km from substation A.

TABLE 15. Calculated fault location using proposed method.

IED Location Calculated Fault Actual Fault Error
Location (Km) Location (Km) (%)

STATION A 226.82 226.60 0.08

STATION B 38.69 39.00 0.11

method) at both substations are provided in Table 14 and 15
respectively. The estimated fault distances using the proposed
method are 226.82km and 38.69km from station A and B
terminals respectively. When the line crew patrolled the line,
they found a fault at 226.6 km and 39km from station A and B.
The difference of actual to estimated fault location is 220 and
310 meters or £ 1 tower span from both the substations for
this case. Calculated fault location using single-ended fault
locator [19] are 248.6 and 40.37 km from station A and B
respectively. After analysis and discussion with end customer,
we concluded that the main reason for the higher FL errors
(8.3% and 0.5% from station A and B respectively) of the
SEFL [19] for this case is due to incorrect parameter settings.

V. CONCLUSION

In this work, a double-ended setting-free fault location
method for transmission line connected with conventional or
inverter based renewable resources is presented. The voltage
and current signals from both terminals are the only inputs
to the fault locator. The parameters of the line, or the source
impedances at terminals are not required to be known which
avoids the engineering effort and cost.

The performance of the method is evaluated using the
EMTDC simulations. The simulation results show that the
performance of the method is accurate for lines connected
with conventional and renewable power plants for various
fault scenarios. The results are not affected by the renew-
able integration whereas negative sequence based double
ended, and single-ended method fail or inaccurate for the
lines connected with renewable power plants. The accuracy
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TABLE 16. Source impedances.

Sequence Terminal A-end Terminal B-end
Positive 3.80 +j30.9 Q 2.80 +j26.0 Q
Negative 3.80+j30.9 Q 2.80+26.0 Q
Zero 7.17 +i52.65 Q 6.2+ 148.546 Q

of the method is compared to practically available methods
for impact of error in line and source parameters. For the
available methods, the fault location error increases for higher
inaccuracies in line parameters whereas, the proposed method
is independent of these parameter changes.

The proposed method is implemented in existing line pro-
tection IED using 1kHz sampling rate. The proposed method
does not require information about line parameters or set-
tings, saves on engineering cost and does not require any
additional hardware beyond what is required for a modern
line differential protection solution, i.e., a 2 Mbps commu-
nication link. The method is installed at Indian and Swedish
power system, the early field results confirm the validity of
the method. The field experimental results are matching with
simulation results. It helped in pilot installation to locate the
faults within one tower span distance which in-turn aids in
quick restoration of the power supply. Quick restoration of
power supply reduces customer complaints, outage time, and
therefore minimizes revenue loss, outage management costs
for utilities and the end users. These geographically diverse
pilot installation results stand as testimony to the accuracy of
the developed fault location method.

In a more general testing, where different fault conditions
are considered, the fault location error in majority of cases
is ~0.1%. Based on these results and confirmation from the
pilot installations it is expected that the fault location accu-
racy will be within 2 tower spans even in more problematic
situations with higher fault resistances and different fault
types. The innovative and accurate line parameter estimation
in the proposed method enables achievement of accuracy
levels comparable to the traveling wave fault locator technol-
ogy that uses 1000 times higher sampling frequency, more
costly hardware and commissioning process. The solution is
suitable to locate the fault in different geographical regions
(example, snowy areas, coastal, hilly terrains, deserts, etc.) as
it is independent of the transmission line parameters (which
change with atmospheric conditions). Further, the calculated
parameters of the line can be used for protection and power
system monitoring application settings.

As a future work, the proposed model-free approach can
be implemented in SCADA/EMS control centers or cloud-
based platforms. Setting-free fault location for three termi-
nal and non-homogeneous/mixed (combined overhead and
underground cable) circuits is difficult as the impedance
parameters are not same for all sections. This work can be
extended for these complex power networks. The issues with
data synchronization and measurement errors can be elimi-
nated in future works.
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APPENDIX
See Table 16.
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